A technique to screen genomic relatedness among mycobacterial species was developed by using a nonisotopic deoxyribonucleic acid (DNA) blot hybridization method. Total genomic DNAs prepared from type strains of 26 species of Mycobacterium, armadillo-derived Mycobacterium leprae, and M. lepraemurium were used as fixed-phase DNAs on nitrocellulose filters and were hybridized with biotin-labeled genomic DNAs of test strains as probes. The majority of the type strains were distinguishable from each other by this method. However, blot hybridization showed high levels of DNA relatedness between M. avium and M. paratuberculosis, between M . marinum and M . ulcerans, and also between M. scrofulaceum and M . xenopi, and two other methods (spectrophotometric assay and the S1 nuclease method) confirmed that these three pairs of species were more than 80% genomically related. Other pairs of species with phenotypically similar taxonomic matrices, such as M. avium-M. intracellulare, M. gastri-M. kansasii, M . asiaticum-M. szulgai, and M . nonchromogenicum-M. terrae, were readily differentiated from each other by the blot hybridization method. Unclassified "lufu" strains showed a very high level of genomic relatedness with M . asiaticum, which was confirmed by spectrophotometric and S1 nuclease methods.
The results of large numbers of biochemical and cultural tests have been applied to the classification of mycobacteria (30, 32) , and chemical markers, especially lipids, have been detected by thin-layer chromatography (7, 14, 23) , gas chromatography (18, 22, 24, 28) , or mass spectrometry (34) and have been used to distinguish each species in numerical taxonomic matrices. However, these identification methods require either several weeks for completion or special equipment and experience for interpretation of the results. Furthermore, all of the extensive phenotypic and chemical analyses examine the expression of less than 20% of the total genomes of bacteria (8). Therefore, examination of the genomic characteristics of each species, such as base ratio and deoxyribonucleic acid (DNA) relatedness of chromosomal DNA, should provide broader information on mycobacterial taxonomy.
Previous studies on base ratios and DNA relatedness have revealed important taxonomic relationships among several species of mycobacteria. For example, extremely close genomic relationships were found among Mycobacterium tuberculosis, M . africanum, M . bovis, M . bovis BCG, and M . microti (2, 6, 11) and between M . lepraemurium and M . avium (1, 12) , whereas distinct genomic differences were observed between M . avium and M . intracellulare (2, 5) and also between M . chelonae subsp. chelonae and M . chelonae subsp. abscessus (20) despite their phenotypic similarity. However, the test procedures used in these DNA studies, which involved kinetic analysis of DNA-DNA reassociation (2, 11, 20) or S1 nuclease digestion of unmatched pairs contained within hybrids (20) , not only are time consuming but also require large amounts of DNA samples for analyses.
In a study of DNA relatedness among M . leprae, M . lepraemurium, and other bacteria, we recently reported the usefulness of the dot blot hybridization technique as a screening method for mycobacterial taxonomy (1). However, this method utilized a radioisotope to label DNA * Corresponding author probes and consequently raised some environmental concerns.
In this report, we describe a modification of the DNA blot hybridization procedure in which we used biotinylated DNA probes of test organisms along with total genomic DNAs of selected species of mycobacteria as fixed-phase DNAs on nitrocellulose filters. Spectrophotometric assays of DNA-DNA reassociation in free solution and the S1 nuclease method were also used to confirm the DNA relatedness results determined by the blot hybridization method.
(Some of the results were reported at the 86th Annual Meeting of the American Society for Microbiology, 25 March 1986, Washington, D.C.)
MATERIALS AND METHODS
Bacterial strains and culture conditions. The bacterial strains used in this study and their sources are listed in Table  1 . M . leprae was isolated from cutaneous lesions of armadillos inoculated experimentally with M . leprae of human origin (1, 13). M . lepraemurium (12) was also included in this study. In addition, the following strains were included in hybridization experiments: M . marinum TMC 1219, M . scrofuluceum TMC 1302, T-12007 (M. Tsukamura, National Chubu Hospital, Japan), T-12018 (Tsukamura), and T-12320 (Tsukamura), M . ulcerans ATCC 33728, and M . xenopi TMC 1470. Three "lufu" strains (strains 464,1088, and 1330) (25) supplied by F. Portaels (Institute for Tropical Medicine, Antwerpen, Belgium) and two clinical isolates were used to study their genomic relatedness to established species.
All strains except M . leprae and M . lepraemurium were grown in Middlebrook 7H9 medium (Difco Laboratories, Detroit, Mich.) supplemented with either 1% glucose (for M . bovis) or 1% glycerol (for other strains) and 0.25% bovine serum albumin fraction V (Sigma Chemical Co., St. Louis, Mo.) with constant shaking at 125 rpm until the optical density at 560 nm became approximately 1.5. For M . paratuberculosis, Mycobactin J (Allied Laboratories, Ames, Iowa) was added at a final concentration of 1 mg/liter. M . ulcerans, M . haemophilum, and M . marinum were grown at 29, 32, and 32"C, respectively. Average of three to six assays, to nearest whole number. T = Type strain. Data from reference 11. Data from reference 1.
Spectrophotometric assay. The methods used for preparation of DNA samples and determination of melting temperatures for calculation of guanine-plus-cytosine contents and the conditions used for DNA-DNA hybridization for determination of Cot,., values as parameters for estimating genome molecular weights and levels of DNA relatedness have lbeen described previously (1, 11). The genome sizes were ineeded to prepare equimolar mixtures of DNA samples for :spectrophotometric assay of DNA-DNA reassociation and also to estimate the ratio of homology between two DNAs iwith different genome sizes (1). For small-scale preparation of DNA samples, 2 ml of 0.03 M tris(hydroxymethy1)aminomethane-0.006 M ethylenediaminetetraacetate-0.5 M NaCl (pH 8.0) containing about lo1' exponentially growing mycobacterial cells was sonicated in an ice bath for 90 s at the maximum output (Heat Systems model W-10) to disrupt cell walls. The resulting suspension was subjected to DNA extraction as described previously (13). At least 1 pg of DNA sample was obtained through this procedure.
Blot hybridization. DNA samples in 0.1X SSC (IX SSC is 0.15 M NaCl plus 0.015 M sodium citrate) were denatured with NaOH at a final concentration of 0.3 N for 15 min at 60°C and then neutralized with HCl. Samples (50 or 100 ng) were filtered through a nitrocellulose sheet placed on a slot blot apparatus (Bethesda Research Laboratories, Inc., Gaithersburg, Md.) and baked for 30 min at 80°C. Biotin-labeled DNA probes were prepared by an oligolabeling reaction (10) or by nick translation, using the instructions of the manufacturer (Bethesda Research Laboratories). The filter (3.5 by 11 cm) with fixed-phase DNA samples was hybridized with a biotinylated probe (25 ng of oligolabeled DNA or 500 ng of nick-translated DNA) in a 2-ml solution containing 50% deionized formamide and 0.25% nonfat dry milk in 6X SSC (15) for 18 h at 50 or 60°C, which is 22 or 12"C, respectively, below the average melting temperature of mycobacterial DNAs in the hybridization solution. After hybridization the filter was washed with l x SSC at 60"C, treated with streptavidin-alkaline phosphatase or streptavidine-horseradish peroxidase, and processed for visualization according to the instructions of the manufacturer (Enzo Biochem, New York, N .Y .). The blocking solution before the streptavidin-enzyme treatment contained 0.5% nonfat dry milk in place of bovine serum albumin. The processing times for color development were usually 2 h for alkaline phosphatase and 10 min for peroxidase reactions.
Assay of DNA-DNA hybridization by S1 nuclease digestion. Very high levels of DNA relatedness determined by the blot hybridization and spectrophotometric assay methods were further confirmed by the S1 nuclease method (21) . Briefly, 3H-labeled DNA prepared by nick translation was hybridized with a 1,000-fold excess of unlabeled DNA in 0.14 M phosphate buffer (pH 7.0) for 48 h at low stringency (43°C). The hybrids formed in this way were digested with S1 nuclease for 1 h and then applied to a type NA45 filter (Schleicher & Schuell, Keene, N.H.). The radioactivity of the hybrids absorbed on the filter was examined with a liquid scintillation counter. The level of DNA relatedness was estimated by comparing the levels of radioactivity (counts per minute) in homologous and heterologous mixtures.
RESULTS
The base ratios of the genomic DNAs of the mycobacterial species examined in this study ranged from 61.6 to 66.6 mol%, except for M . Ieprae (55.8 mol %) (13). The genome molecular weights ranged from 1.7 x lo9 to 2.9 x lo9 ( Table   1 ). The Data shown in Table 1 were obtained in this study and replaced previous data except where indicated. Apparently there is no direct relationship between growth rate and genome molecular weight of mycobacteria.
To test the reliability of the nonisotopic blot hybridization method, five species ( M . farcinogenes, M . gastri, M . intracellulare, M . malmoense, and M . szulgai) were selected. Since these five species showed moderate levels of DNA relatedness (45 to 65%) to some other species as determined by spectrophotometric assays (Table 2) , their use as probes facilitated determination of the species specificity of the blot hybridization method with total genomic DNAs. Furthermore, the melting temperatures of these mycobacterial DNAs in 6x SSC supplemented with 50% formamide, which was the solution used for hybridization, ranged from 70 to 72°C. Therefore, hybridization at 60°C is highly stringent for mycobacterial DNAs. When 50-or 100-ng portions of fixedphase DNAs were hybridized at 60"C, relatively closely related species showed certain levels of color signals due to visualization of partial cross hybrids, although the signal observed in the homologous hybrid was significantly stronger ( Fig. 1 and 2 ). For example, the M . farcinogenes probe showed a weak signal at the M . avium site (Fig. 1) . Similarly, the M . malmoense probe revealed low levels of cross hybridization with M . avium and M . scrofulaceum (Fig. 1) -------100 -------( I -, Not assayed due to very low levels of signals observed on the filter by blot hybridization.
L, Less than 30% relatedness. Data from reference 11.
When these conditions were used, M. gastri, M . intracellulare, and M . szulgai were distinguishable from other species ( Fig. 1 and 2 ). Hybridization at 50°C, which is less stringent, resulted in a certain degree of cross hybridization among distantly related species, even after a posthybridization wash under the highly stringent conditions (data not shown).
Strains revealing weak to moderate signals were further examined spectrophotometrically (Table 2 ). The majority showed levels of DNA relatedness ranging from 30 to 62%. DNA relatedness values below 30% should be interpreted as qualitative, because of the limitations in the accuracy of this assay system (6).
Most of the mycobacterial species used in this study were readily differentiated from each other by blot hybridization. It should be mentioned that type strains of M . chelonae subsp. chelonae (TMC 1544) and M. fortuitum (TMC 1529) could not be distinguished from each other by the blot hybridization, spectrophotometric assay (91%), and S1 nuclease methods (100%). Similarly, M. tuberculosis, M . bovis, M. bovis BCG, M . africanum, and M . microti were not differentiated by blot hybridization (data not shown), as expected from their extremely high levels of DNA relatedness (11). Furthermore, M. avium and M. paratuberculosis, which showed about 90% DNA relatedness as determined by both the spectrophotometric assay (Table 2) and S1 nuclease methods, were indistinguishable from each other by blot hybridization (Fig. 2) . Other mycobacterial species which showed close genomic relatedness were the following pairs: M. marinum-M. ulcerans (86%) and M . scrofulaceum-M. xenopi (84%). These pairs could not be readily differentiated under our conditions (Fig. 2) . These results were confirmed by using additional strains other than type strains, as mentioned in Materials and Methods.
When unclassified strains were subjected to the slot blot hybridization method, they could be readily identified by their genomic similarity to one of the fixed-phase DNAs. For example, three "lufu" strains showed the strongest signal at the site of M . asiaticum (Fig. 2) . The levels of DNA relatedness between the type strain of M. asiaticum and the three "lufu" strains ranged from 92 to loo%, as determined by the spectrophotometric assay method.
DISCUSSION
All of the type strains of mycobacteria and the Hawaiian strain of M . lepraemurium examined in this study contained genomic DNAs with similar guanine-plus-cytosine contents and genome molecular weights and formed a genomically homogeneous group. However, M. leprae appears not to belong to this genomic group because of its significantly lower guanine-plus-cytosine content (1).
In this study, total genomic DNAs of the type strains of established species of mycobacteria were fixed on filters, and this was followed by hybridization with a nonisotopically labeled probe derived from the test strain. This screening method circumvents unnecessary hybridization experiments, such as the spectrophotometric assay and S1 nuclease methods, among remotely related species. The use of species-specific DNA fragments as fixed-phase DNAs is ideal for our purpose. However, as demonstrated by our studies of DNA relatedness among 26 type strains plus M . kprae and M . lepraemurium (1, 11-13), the majority of mycobacteria showed levels of DNA relatedness of less than 70% to each other. The levels of DNA relatedness observed for the following pairs are similar to the levels reported previously by Baess (2-4) and Baess and Magnusson (5) This genomic diversity among mycobacterial species facilitated the manipulation of hybridization conditions to minimize cross hybridization among heterologous species. For example, increased stringency for hybridization and washing at a higher temperature (e.g., melting temperature -12°C) circumvented the cross binding between DNAs of heterologous species. The amount of the nick-translated probe DNA (500 ng) was greater than the amount of the fixed-phase DNAs (50 ng each), and this favored formation of labeled filter-bound homologous hybrids. However, the oligolabeled probe required only 25 ng to develop the same result, indicating an advantage of this labeling method.
Using the optimal hybridization conditions mentioned above, we were able to differentiate the majority of the type strains of mycobacterial species. However, closely related pairs, such as M . marinum-M. ulcerans and M . scrofulaceum-M. xenopi, were not readily differentiated. It should be mentioned that M . shimoidei (29) is a truly independent species, as evidenced by its levels of DNA relatedness with other species.
Among the mycobacterial species examined, M . tuberculosis, M . bovis, M . bovis BCG, M . africanum, and M . microti were indistinguishable by the blot hybridization method because of their extremely high levels of DNA relatedness (11). Similarly, the type strains of M . avium and M . paratuberculosis and the Hawaiian strain of M . lepraemuriurn, which showed about 90% relatedness to each other (1, 12), could not be differentiated by the blot hybridization method. The genomic similarity between M . avium and M . paratuberculosis was expected from the biochemical, serological, and biological characteristics of these organisms (9, 16, 27). Yoshimura et al. (35) recently reported a high level of DNA relatedness between these two species, although their M . avium strains were different from the strain used in our study.
One of the other interesting findings in the present study was the extremely high level of DNA relatedness (96%) observed between the type strains of M . chelonae subsp. chelonae and M . fortuiturn, in contrast to the remote genomic relationship (36%) observed between M . chelonae subsp. abscessus and M . chelonae subsp. chelonae. However, Lkvy-Frebault et al. (20) reported that clinical isolates of these two subspecies of M . chelonae and M . fortuitum were distinguishable from each other on the basis of DNA relatedness. Therefore, our data indicate that type strain TMC 1544 (= ATCC 35752) of M . chelonae subsp. chelonue should be included in the species M . fortuitum. In this connection, reference should be made to Steele and Wallace (26) , who recently reported that the type strain of M . chelonae subsp. chelonae is as susceptible to ciprofloxacin as M . fortuitum. It should not be overlooked, however, that this type strain of M . chelonae subsp. chelonae showed negative nitrate reduction, which is believed to be one of the important characteristics to differentiate this species from M . fortuitum (17, 19) .
Phenotypically similar species which form taxonomic matrices, such as M . avium-M. intracellulare, M . gastri-M. kansasii, M . asiaticum-M. szulgai, and M . nonchromogenicum-M. terrae-M. triviule (30-32) , were readily differentiated by blot hybridization, as confirmed by spectrophotometric assays (2, 3, 5) ( Table 2) .
It is worth mentioning that DNA samples of the "lufu" strains (25) examined as unclassified strains showed extremely high levels of DNA relatedness to M . asiaticum as determined by the blot hybridization, spectrophotometric assay, and S1 nuclease methods, suggesting their taxonomic identity.
In conclusion, our results demonstrate the usefulness of the nonisotopic DNA blot hybridization technique in which total genomic DNAs are used for screening genomic relatedness. Once a bank of genomic DNAs of type strains is established, the genomic relatedness of unclassified species can be readily estimated by this method. This will facilitate further genomic comparison studies. Furthermore, the substitution of biotinylated DNAs for radiolabeled probes improves the stability and durability of probes, providing greater practicality in routine test procedures.
